We report an accurate and easy-to operate instrument for the temperature control of an electrically-floated sample using a thermocouple in direct contact with it. The signal was transmitted via 2.45 GHz WiFi. We measured and analyzed the discrepancy between the thermocouple and a radiation thermometer for the plasma CVD of carbon nanomaterials under sample bias. A successful protection method from abnormal discharge in the plasma is also provided.
Introduction
Extension of electrochemical concepts to plasma processes are now gathering considerable attention from both the plasma community and electrochemistry community [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The distinct feature of plasma electrochemistry is its high energy and high temperature processes in combination with gas-surface interactions, as well as wide potential windows that the gaseous environment allows. From this point of view, the plasma CVD processes of carbon materials, such as bias enhanced nucleation of diamond thin films 11 ,aligned carbon nanotube forests 12 and their chirality control 13 , are involved with a kind of electrochemical process in plasma because they are highly dependent on the bias voltage applied between the substrate and the chamber wall. In order to control the process, it is necessary to precisely measure the sample temperature, as already mentioned in the literature 2 . The temperature of the sample at high potential (>100 V) from the electrical ground level is usually monitored by an infrared thermometer or a pyrometer. However, there is a troublesome parameter, i.e. , the emissivity, during operation of the pyrometer. The emissivity is the ratio of the actual radiation from the sample surface at a certain wavelength to that from the blackbody at the same temperature. It is strongly dependent on the composition and morphology of the surface, and thus the value has to be calibrated when a different material is used 14, 15 .
The difficulty arises when the surface composition and morphology are changing in real time as in the plasma CVD process. On the other hand, if the temperature is not very high (<1500 o C), contact measurement by a thermocouple can be a solution to this difficulty. It is thus highly required to develop a measurement scheme using a thermocouple with an electrically-floated sample. Due to the recent advancement of low power microcontrollers and WiFi technology, it is now 3 possible to do this, without a cumbersome optical cable connection 16 that has been the only recent solution.
Another severe problem during the high voltage experiment in the plasma environment is abnormal discharge events. They produce an intolerable voltage difference between the inputs of the thermocouple signal amplifier and high voltage and current to the heater power supply. We have tried various protection circuits and found a reliable solution.
In this paper, we describe the measurement and protection circuits for the temperature measurement and control of an electrically-floated sample using a thermocouple during the plasma CVD of carbon nanomaterials. We analyzed the difference between the readings of the thermocouple and pyrometer, and demonstrated the bias effect on the formation of carbon nanomaterials. The series resistor effectively protected the bias supply from discharge.
The plasma for the CVD was generated by a RF magnetron sputtering gun equipped with a graphitic carbon plate target (Nilaco, Inc., 99.98%, 1-inch diameter) operated in CH4 gas. The geometry of the substrate and the RF sputtering gun was carefully designed to avoid direct deposition from the sputtering gun 17, 18 . Raman spectra were measured by Ranishaw inVia with a 532 nm laser. FE-SEM (JEOL JSM-6500FA) was used for the observation of the surface morphology of the grown materials. The final TR value was 25 o C higher than TT. This inaccuracy of TR is problematic for the plasma CVD process. The reason for this discrepancy will be discussed in the next section.
3.2 The mechanism for the discrepancy in the radiation thermometer readout From the apparent temperature rise when the film is thick, the emissivity of the deposited carbon is greater than that of the catalyst (Fe/Ni) surface. If this is assumed, the initial (< 5 min) rise of TR can also be explained because the carbon partly covers the surface of the catalyst. The decrease in the TR or temporary decrease in the emissivity between 5 min and 20 min cannot be explained by an ordinary coverage effect. We consider that it is due to the morphology during the initial stage of carbon nanowall formation. There are reports about the decrease of the emissivity caused by the destructive interference effect of microstructures [21] [22] [23] .
Demonstration of the bias voltage effect: plasma CVD of nanocarbons with DC bias
We used the setup previously described to grow thin carbon films by plasma CVD. These results clearly show that the bias voltage is very important for controlling the chemical process involved in the plasma CVD growth of the carbon thin films.
Protection Circuits
Finally, we explain what happened without the protection circuits. We observed rare events of abnormal discharges in the plasma when high bias voltages were applied.
When the abnormal discharge occurs, (i) the bias power supply tripped due to the surge protected by LC low pass filter and diodes. We found that (iii) is mainly due to the high reversing current to the heater power supply, which damages the copper plating in the printed circuits and the final stage transistors. This can be prevented by adding a line noise filter and surge arresters (gas discharge type or Zener diodes) that will dissipate the current pulse to the ground.
Ordinary electrochemical measurements use a reference electrode that monitors the potential of the electrolyte. In the low density plasma used in the present experiment, the potential is not uniform and precise monitoring of the potential distribution by various probes, including the reference electrodes 8 , is also important. The protection circuit from discharge described here will be useful to avoid the damage of a battery -operated measurement circuit floated from the ground level.
Conclusion
We have developed an instrument for the accurate temperature control of an electrically-floated sample using a thermocouple directly in contact with it. A battery-operated microcontroller transmits the thermocouple reading to a PID heater controller via a 2.45GHz WiFi. We measured the difference between the thermocouple reading and the infrared pyrometer during the plasma CVD of carbon materials and found that the difference can be +25 o C at 650 o C. We demonstrated the effect of applying a bias voltage to the sample during the growth of carbon nanotubes, in which only a -200V bias was successful. The protection method from the electrical discharge in the plasma was also provided.
